A sand dune located near São Bento do Norte and Caiçara do Norte towns (northern coastal region of Rio Grande do Norte state, Northeastern Brazil) is rapidly migrating toward urban areas. To understand the depositional processes (evolution of the dune), a Ground Penetrating Radar (GPR) survey was carried out.
INTRODUCTION
The internal sedimentary structures of consolidated aeolian deposits have long been studied (Brookfield, 1977) . However, until the nineties, few studies were available from modern dunes (e.g. McKee, 1966 McKee, , 1979 Tsoar, 1982; Rubin & Hunter, 1985) because of the difficulties in sampling or excavating trenches in no consolidated dry sand bodies. The availability of Ground Penetrating Radar (GPR) method, since the nineties, provided a fast noninvasive tool to image in detail near surface sedimentary structures (e.g. Gawthorpe et al., 1993; Schenk et al., 1993; Harari, 1996; Bristow et al., 1996; Silva & Scherer, 2000; Neal & Roberts, 2000 Van Dam, 2002; Oliveira Jr. et al., 2003; Pedersen & Clemmensen, 2005) . Comprehensive reviews of the use of GPR in sedimentological studies were done by and Bristow & Jol (2003) .
In this study, the depositional history of a recent dome-shaped sand dune is reconstructed based on GPR data interpretation. The studied dune is located near São Bento do Norte and Caiçara do Norte towns, in the northern coastline of Rio Grande do Norte State, Northeastern Brazil (Fig. 1) . A comprehensive resume of the Holocene stratigraphy of the area was recently done by Caldas et al. (2006) . Because the studied dune is rapidly migrating towards urban areas of Caiçara do Norte town (Fig. 2) , a better understanding of its evolution is necessary or important (Tabosa, 2000 (Tabosa, , 2002 Hustedt, 2000; Oliveira Jr., 2001; Tabosa et al., 2001) in order to guide preventive actions. A GPR survey was done in order to obtain information about the depositional history of the dune and, in particular, to verify if significant changes in the wind direction occurred. Preliminary results of this study were presented by Oliveira Jr. et al. (2003) . Data interpretation indicated that the dune probably changed its morphology from a barchan to a dome shape, in very good accordance with changes in the depositional process as described by McKee (1966) . This aim of this paper is dedicated to this issue.
STUDY AREA
The coastal region of São Bento do Norte (Figs. 1 and 2) is a plain showing maximum gradient around 5
• , except where dunes occur (Vilaça et al., 1991) . Several morphological elements are present, such as sand dunes, sand banks, shell middens, tidal flats, beaches, and beach rocks (Caldas, 1996; Tabosa, 2000; Tabosa et al., 2001 ). The climate is semi-arid (mean annual rainfall around 800 mm) with annual mean temperature equal to 26.5
• C and maximum variation of about 5 • C. Air humidity is normally equal or greater than 68% (IDEMA, 1999) . The wind blows up from East in the period August-April and from Northeast in the period May-July. From March to June, the mean wind velocity is equal to 4.8 m/s while between August and December the winds are stronger with mean velocity around 9.0 m/s (Costa Neto, 1997; Tabosa, 2002) . A frequency distribution plot of the wind directions is shown in Figure 3 . Sand supply to some portions of the coastline is the result of longshore currents. Because the wind direction is approximately constant (E-NE), long sandy sheets are along the coast. Dune sands are formed by fine to medium grain sizes with moderate sorting and composed mainly by quartz and shell fragments.
METHODOLOGY
GPR is a tool (of exploration) which images the shallow subsurface of the Earth (usually up to 30 m) using electromagnetic waves with frequency in the range 10 MHz-1000 MHz. Because electromagnetic waves share relevant cinematic similarities with elastic waves, GPR data interpretation and processing can be conducted in a manner similar to other seismic data as long as caution is taken in order to correct dispersion effects (Xavier Neto & Medeiros, 2006) . Dielectric permittivity and conductivity are the relevant physical properties to GPR. Assuming that Earth's subsurface can be modeled as a low loss dielectric medium (Hayt Jr., 1988) , dielectric permittivity contrasts are mainly responsible for reflections of GPR signal. Particularly, in sand bodies, dielectric permittivity is controlled mainly by water content, grain size and porosity, and to a minor extent, to magnetic permeability (Topp et al., 1980; Roth et al., 1990; Sutinen, 1992; Huggenberger, 1993; . On the other hand, conductivity is mainly responsible for GPR signal attenuation; as consequence, the quality of the GPR images depends strongly on the medium conductivity. Because 
GPR and topographic surveys
GPR data were obtained along 21 profiles (Fig. 4) using a GSSI-SIR System 2 equipment. Using a 200 MHz monostatic antenna, 16 profiles along E-W direction -parallel to the dominant wind direction -and 5 profiles along S-N direction were carried out. Profiles L (E-W direction) and T4 (S-N direction) were also surveyed with a bistatic 80 MHz antenna (Fig. 4) . For both frequencies, a continuous mode acquisition was used. The distances were measured using an odometer and each trace was collected at steps of 5 cm. Topography was also measured at a maximum of 10 m spacing along the same profiles using a theodolite. Interpolated elevation contours above sea level are also shown in Figure 4 .
GPR data processing
Using the software REFLEXW (Sandmeier, 2000) , the following GPR data processing flux composed by seven steps (Xavier Neto et al., 2001 ) was applied to the raw data. The 1 st step is the zero offset correction. This step corrects the effect in propagation times caused by non-null separation between transmission and reception antennas, thus correctly positioning the Earth's surface in the radargrams. The 2 nd step is the removal of inductive effects (WOW). WOW's are effects characterized by low frequency and high amplitude caused by inductive coupling between transmission and reception antennas. Usually, they appear in the early parts of the trace (Young et al., 1995) . Because they mask shallow reflectors, they should be removed (Johansson & Mast, 1994) . The 3 rd step is background removal where reverberations associated with direct ground and air waves were eliminated. Reverberations appear in radargrams as flat repetitive reflectors, regularly distributed in time. They might be removed by subtracting an averaged trace which is build up from a given time/distance range of the actual section (Sandmeier, 2000) . The 4 th step is amplitude recovering where spherical and exponential time gains (Sandmeier, 2000) were applied to the traces to correct effects caused by energy absorption and geometrical spreading, although preserving amplitude ratios in the traces. The 5 th step is F-K Migration (Stolt, 1978) where lateral events were correctly positioned in time. In particular, diffractions patterns were concentrated in their original points. The migration velocity (0.13 m/ns) was previously estimated by fitting hyperbolas associated to diffraction patterns in non-migrated radargrams (Olhoeft, 2000) . F-K migration is a very good migration tool if the medium is approximately homogeneous (Stolte, 1994) , which is the case of sand dunes. The same velocity (0.13 m/ns) was also used for time-depth conversion. The 6 th step is a low-pass filtering and Automatic Gain Control (AGC) where spurious high frequency events were eliminated with low-pass filtering using cutting frequencies around 250 MHz and 550 MHz for data measured with 80 MHz and 200 MHz, respectively. In this step amplitudes were equalized with AGC gain. AGC changes amplitude ratios in the traces but emphasizes continuity in geometrical features in radargrams, thus making easier to interpret internal sedimentary boundaries, as in the present study. Finally, the 7 th step consists of topographic correction where effects due to the fact that the Earth's surface is not flat are corrected in the radargrams. In this step, the standard approach described by Sandmeier (2000) was used. Examples of radargrams resulting from this processing flux are shown in Figures 5a to 9a.
RESULTS AND DISCUSSION

GPR data interpretation
The resolution in the radargrams was sufficient to view in detail the internal sedimentary structures, (Figs. 5a, 5b and 6a): single foreset (as Mark 1, for example); the contact between two different dune generations, that is, a second order bounding surface (Mark 2); third order bounding surfaces (Mark 3); layers of sediments identified by Caldas et al. (2006) as beach ridges associated to marine deposits (Mark 4); contact between marine sediments on bottom and aeolian sediments on top (Mark 5). The water table was also detected (Mark 6) and its depth was checked by measuring the depth to the free water surface in the open well shown in Figures 2 and 4 . The fact that Marks 5 and 6 appear as expected as very continuous and horizontal surfaces reveals that the processing flux, in particular the migration and topographic correction steps, does not alter significantly the structures dips.
Stratigraphic units
All sediments deposited above the surface indicated by Mark 5 (Fig. 5b ) present undoubtedly aeolian origin because they outcrop and the sedimentation process is still occurring today. On the other hand, sediments deposited below surface indicated by Mark 5 (Fig. 5b) are marine sediments according to Caldas et al. (2006) . These sediments were deposited in the final period of the last Holocene regression in the area. The conclusions from Caldas et al. (2006) were based on vibracore descriptions and radiocarbon dating, besides GPR imaging. To corroborate the results of Caldas et al. (2006) , observe that inside these marine sediments, internal structures, indicated by Mark 4, appear as subhorizontal layers in all E-W radargrams (e.g. Figs. 5, 6 and 7), which are parallel to the coastline. On the other hand, the same structures appear dipping toward the sea in radargrams orthogonal to the coastline (e.g. Fig. 8 ).
Because we are very confident about the origin of the sediments, it is possible to separate precisely all stratigraphic units from the radargrams, as shown in Figure 10 . Aeolian unit S2 is divided in two sub-units S2a and S2b because a very clear third order bounding surface (Mark 3 in Figs. 5b and 6b) can be identified in the radargrams (Figs. 5a and 6a ). In addition, within sub-units S2a and S2b, the foresets dips vary rather smoothly thus corroborating the interpretation of two phases of sedimentation associated to S2. On the other hand, aeolian unit S1 is not divided because its deposition history appears to be of more complex nature: judging by the variation of the foresets dips inside S1, several third-order bounding surfaces can be identified as Marks 3a, 3b, and 3c (Fig. 7b ).
In addition it is possible to verify the dependence of the foreset dips with the dominant wind directions inside aeolian units S1 and S2. Regarding to S2 unit, note that the crossing point between profiles K (E-W direction) and T3 (S-N direction) are indicated both in Figures 7b and 8b . The same structure (Mark 1a), below this crossing point, shows angles around 9
• in E-W direction ( Fig. 7) and 0 • in S-N direction (Fig. 8) , thus confirming that the maximum dip of the foreset occurs in the direction parallel to the dominant wind direction. Regarding to S1 unit, the crossing point between profiles J (E-W direction) and T3 (S-N direction) is shown both in Figures 8b and 9b. The same foreset (Mark 1c), below this crossing point, shows angles around 10
• in E-W direction (Fig. 9 ) and 0
• in S-N direction (Fig. 8) . Therefore, judging by the similarities of the foresets dips inside S1 and S2, the prevailing past wind was probably very similar to the nowadays dominant wind.
Morphology change of the dune
According to McKee (1966) , dome-shaped dunes lack a welldeveloped down-wind steep slip face. The most characteristic internal structure of dome-shaped dunes is the fact that foreset lamina present low angles, even in the downwind part of the dune. In general, near the summit point, foresets are subhorizontal.
The dominant depositional processes in dome-shaped dunes are tractional and grainfall depositions. On the other hand, barchan dunes are crescent-shaped sand mounds which occur mostly as isolated sand bodies. A barchan dune migrates by successive avalanches of sand on the slip face, so the dominant depositional process is grainflow and, to a minor extent, grainfall. In general, the foresets dip around 26
• to
34
• along the wind direction. The horn tips of a barchan dune extend forward in the downwind direction because they migrate more rapidly than the main body (McKee, 1966) . In general, barchan dunes are formed by unidirectional winds, under low sand supply conditions, and seem to occur in flat areas with thin or poor sand cover. The presence of a topographic obstacle in the depositional surface may cause a change in the morphology of a dune (Harari, 1996) . Nowadays the morphology of the studied dune is domeshaped (Fig. 4) . However, strong variation occur in the foreset dips along the wind direction inside stratigraphic unit S2: while in Figure 6 (Mark 1) the foreset dip is around 27
• , in Figure 7 the foreset dips present both intermediate values (9 • in Mark 1a)
and low values (2 • in Mark 1b). Only the foreset dips present around the top of the dune are in accordance with its current dome shape. Figure 11 shows a 3D view of what would be the elevation of the dune if the sandy volume associated to the stratigraphic sub-unit S2b (Fig. 10) were removed. Observe that the shape of the southern ridge associated to the bounding surface indicated by Mark 3 resembles a horn (Fig. 11) . Because the northern ridge associated to the bounding surface indicated by Mark 3 is too close to the sea it might be very affected by erosion. By this reason, we did not use it in the interpretation. Two trenches were excavated (line M, Fig. 4 ) and grain size analyses were done with the collected sand samples. The first trench was excavated in the bottomset of the dune, in position 0 m, and the second trench was excavated near the topset of the dune, in position 200 m (Fig. 4) . In the first trench (Fig. 12) , parallel lamina was observed with thicknesses varying from 3 to 6 cm, dipping between 25
• and 30
• ; sand forming these lamina present unimodal sorting. In the second trench (Fig. 13) , subhorizontal parallel lamina was observed with thicknesses up to 5 mm and (Fig. 8) is indicated. Below this crossing point, the same foreset (Mark 1a), inside the second phase of aeolian deposition, shows angles around 9 • along E-W direction (this figure) and 0 • along S-N direction (Fig. 8) , as consequence of the E-W dominant wind direction.
sand is bimodal sorting. According to Mountney & Howell (2000) , strata showing these characteristics may be the result of grainflow and tractional depositional processes, respectively, in accordance to the dominant processes described by McKee (1966) for barchan and dome-shaped dunes. Let us stress that foresets dips measured in the trenches are in a very good accordance with dips shown by radargrams (Figs. 5 to 7) . Interpretation of the data allows to discuss the shape of the dune during its evolution: the portion of the dune showing high foreset dips, associated to stratigraphic sub-unit S2a, was interpreted as a remain of an older barchan dune. In other words, it is evidence that the present dome-shaped dune was previously a barchan.
The abrupt change of the foreset dips inside the stratigraphic unit S2 is separated by the bounding surface indicated by Mark 3, which is the interface separating sub-units S2a and S2b (Figs. 5 and 10 ). In profiles L and K, these abrupt changes occur around position 120 m, as shown both in Figure 5 (80 MHz) and 6 (200 MHz). This position lies approximately above the eastern end point (or border, in 3D) of the bounding surface indicated by Mark 2, where this surface touches the surface indicated by Mark 5. Observe that the surface indicated by Mark 5 is flat; on the other hand the surface indicated by Mark 2 constitutes a ramp inclined against the wind direction in its eastern portion (Fig. 4b) . The interpretation proposed here is that when the migration front of the dune faced the obstacle constituted by this ramp (Harari, 1996) , the depositional processes gradually changed from grainflow (and grainfall) to tractional depo- sition. This change in the depositional process ultimately caused the change of the dune morphology from barchan to domeshaped. In this way, the surface indicated by Mark 3 is the associated third-order surface (Brookfield, 1977) .
Depositional history of the area
Four stages for conduction of the depositional processes in the area are recognized (Figs. 14a to 14d): Stage 1 corresponds to deposition of marine sediments (stratigraphic unit S0 in Fig. 10 ) during the final period of the last Holocene marine regression ( Fig. 14a ) (Caldas, 2002; Caldas et al., 2006) . After the exposure of the area (stage 2 in Fig. 14b ) aeolian deposition took place (stratigraphic unit S1 in Fig. 10 ) over the marine sediments. Later, a depositional hiatus happened, probably affected by erosion on parts of the dune and, finally, a second phase (stages 3 and 4 in Figs. 14c and 14d, respectively) of aeolian deposition occurred (stratigraphic sub-units S2a and S2b in Fig. 10 ), covering all previous strata.
Based on the geometry of the foresets and bounding surfaces, it was interpreted that, in the second phase of aeolian deposition, the morphology of the dune changed from barchan (stage 3 in Fig. 14c ) to dome shape (stage 4 in Fig. 14d ) which is the presentday shape. This morphology change appears to have occurred when the migration front of the dune faced the obstacle constituted by a ramp along the depositional surface dipping against the wind direction. In this situation, the depositional process changed gradually from grainflow (and, to a minor extent, grainfall) to tractional deposition and grainfall. 
CONCLUSIONS
The GPR survey imaged the internal sedimentary structures of the coastal deposits so that it was possible to reconstruct the depositional history of the area, because the resolution in the radargrams was sufficient to view in detail the internal sedimentary structures. The fundamental objective of the radar data processing was to enhance the geometry of the internal structures of the due; this justify the application of a AGC gain filter. The studied dune is located near São Bento do Norte and Caiçara do Norte towns, in the northern coastline of Rio Grande do Norte State, Northeastern Brazil.
Based on the relationship among the internal structures of the dune, particularly the differences in geometry of the structures as seen in GPR profiles surveyed along directions parallel and perpendicular to the dominant wind, it was possible to reconstruct the evolution of the dune. Initially, marine sediments were deposited during the final period of the last Holocene marine regression. Inside these marine sediments, internal structures appear as subhorizontal layers in all radargrams parallel to the coastline. On the other hand, the same structures appear dipping toward the sea in radargrams orthogonal to the coastline, thus corroborating the results of Caldas et al. (2006) about its marine origin.
Then, after the area was exposed, a first phase of aeolian de- (Fig. 10) were removed. Curves indicated by the numbers 2 and 3 correspond to the ridges of the bounding surfaces indicated by Marks 2 and 3 in Figure 5b , respectively. This view was constructed using all surveyed radargrams. All dimensions are given in meters and the reference system is the same used in Figure 4 . The front view of this figure corresponds to section along GPR profile L (Fig. 5) ; thus just the southern ridge of surface indicated by Mark 3 can be seen. position occurred, directly over marine sediments, followed by a depositional hiatus, when erosion may have occurred in parts of the existing dune. Finally, a second phase of aeolian deposition occurred, covering all previous strata. It is interpreted that in the second phase of aeolian deposition the dune changed its morphology from barchan to dome-shaped.
This morphology change appears to have occurred when the migration front of the dune faced the obstacle constituted by a ramp, along the depositional surface, dipping against the wind direction. In this situation, the depositional processes changed gradually from grainflow (and, to a minor extent, grainfall) to tractional deposition. (Fig. 4) . Parallel laminae with thicknesses varying from 3 to 6 cm and dips between 25 • and 30 • can be seen. These laminae were associated to grainflow depositional process in a previous barchan stage of the present dome-shaped dune. (Fig. 4) . Subhorizontal parallel laminae with thicknesses up to 5 mm can be seen. These laminae were associated to tractional depositional process in the present dome-shaped stage of the dune. The previous dominant winds were very similar to the present-day dominant wind, at least in direction. So, the rapid migration process of the dune toward urban areas is an entirely natural process.
